Abstract: Random and block copolymers containing styrene and mono n-alkyl itaconates with n= 12, 14, 16, 18 and 22 have been prepared by free radical polymerization and nitroxide-mediated radical polymerization. The molar fraction of the mono n-alkyl itaconate in block copolymers increased with increasing size of the alkyl group in the ester substituent. A calorimetric study of all these copolymers was performed. No glass transition (Tg) was observed in the temperature range -30ºC-120ºC for random copolymers. Melting process attributed to crystalline order in the long side chains was observed for some copolymers depending on their composition and of the monoitaconate chain side length.
Introduction
Copolymerization is the most successful and powerful method for introducing systematic changes in polymer properties [1] . The incorporation of two comonomers with different physical or chemical properties into the same polymer molecule modulates properties such as the glass transition temperature, melting point, solubility, crystallinity, permeability, dyeability, adhesion, elasticity and chemical reactivity within wide limits [2] . Several authors have investigated the reactivity ratios in copolymerizations involving comonomers with n-alkyl side chains, together with the properties of resulting comb-like copolymers [2, 3] . Vidovic et al. [3] investigated the free radical copolymerization of styrene (St) with n-dodecyl methacrylate and noctadecyl methacrylate. The thermal stability of copolymers was intermediate between the less stable alkyl methacrylate homopolymers and the more stable polystyrene. Stergiou et al. [2] estimated the reactivity ratios of the copolymerizations of St with n-butyl, n-hexyl-, and stearyl-methacrylates. The St-stearyl methacrylate copolymers exhibited a melting endotherm (due to the crystallinity attributed to the methacrylate sequences) and the polystyrene glass transition.
Poly(itaconates)s are interesting because of their similarity to polyacrylates and polymethacrylates, and also because the itaconic acid has a low price and can be easily produced in large quantities [4] . Synthesis of poly(n-alkyl itaconate)s had been extensively reported and there are descriptions of the preparation of poly(mono nalkyl itaconate)s [5] [6] [7] [8] , poly(n-dialkyl itaconate)s [9] [10] [11] and poly(methyl n-alkyl itaconate)s [4, 12, 13] A publication [5] has reported on the synthesis and characterization of a series of poly(mono n-alkyl itaconate)s with n= 12, 14, 16, 18 and 22. These polymers exhibited the typical behaviour of comb-like polymers and n-alkyl side chains with 14 or more carbon atoms were able to crystallize in hexagonal lattices [5] .
Kumar et al [14, 15] studied reactivity ratios in free radical copolymerizations of St with n-decyl-(DI-10) and n-dodecyl (DI-12) di-itaconates. The reactivity ratios determined using Finemann-Ross and Kelen Tudos methods were r St =1.2, r DI-10 = 0.70 for DI-10/St and r St =1.1, r DI-12 =0.9 for DI-12/St, suggesting random copolymerization of these comonomers. These authors also reported the thermal behaviour of the obtained copolymers [15] .
The living free radical homo-and copolymerizations of some di-alkyl itaconates have been reported, involving either atom transfer radical polymerization (ATRP) or reversible addition fragmentation chain transfer polymerization (RAFT). Fernández-García [16] investigated the kinetics of the atom-transfer radical polymerization of dimethyl itaconate, using a CuX/2,2 -bipyridine catalytic system (X = Cl, Br) and a variety of initiators. In an experimental and theoretical study, Szablan et al. [17] carried out both ATRP and RAFT homopolymerizations of di-n-butyl itaconate (DBI), dicyclohexyl itaconate (DCHI) and dimethyl itaconate [17, 18] . In the RAFT reactions of these monomers, chain transfer to monomer and viscosity had a pronounced effect on the breadth of the molecular weight distributions. Also, DCHI rod polymers generated via the RAFT process were subsequently reinitiated in the presence of styrene to produce a range of BAAB and A-B rod-coil block copolymers of molecular weights up to 164,000 g mol -1 . The chain extension yielded unimodal molecular weight distributions that progressively shifted toward higher molecular weights [18] .
Previous studies have shown that sterically-hindered monomers like DCBI, DBI and DMI display relatively low ceiling temperatures. The difficulty to obtain well structured molecular weight distributions increase with decreasing monomer concentrations [19] . To our knowledge, there are no previous publications on the depropagation of monoitaconates at the reaction temperatures that were employed in this work.
The aim of this work is the synthesis and characterization of new random copolymers obtained by conventional radical copolymerization, and of new random and block copolymers obtained by nitroxide-mediated polymerization (NMRP) of St and mono n-alkyl itaconates with n= 12, 14, 16, 18 and 22. Also considered are the effects on the crystallization of the length of the mono itaconate side chains and of the copolymer composition. Table 1 presents the St molar fractions in the feed, the global conversions, and the St copolymer compositions. The copolymer compositions were determined by FTIR, and in some cases they were confirmed by 1 H NMR. For the FTIR determinations, calibration curves were developed with mixtures of known compositions of the corresponding homopolymers. All the infrared spectra of the copolymers were similar. They showed characteristics signals: ν C=O stretching for the acid group at 1737 cm -1 ; the ν C=O stretching for ester group at 1717-1702 cm -1 , and the ν C-H out of plane of the aromatic ring at 699 cm -1 for the St units. The ester group signals shift to lower frequencies with increasing St concentrations, thus indicating a dilution effect with the incorporation of St units into the copolymer (typical spectra are shown in Fig 1) Consider now the DSC measurements. To ensure the same thermal treatment to all the samples, the second heating run was used to evaluate the crystallinity of the alkyl side chains in the comb-like copolymers. Fig 2 shows typical DSC second heating scans for random PMI-22-co-St at different molar ratios. Table 1 presents the melting temperature (T m ) and the latent heat of fusion (ΔH m ) of the homo-and copolymers. These values were estimated from peak top and peak area, respectively. Copolymers with MI-12 and MI-14 did not crystallize. It is well known that n-alkyl side chains in comb like polymers are able to crystallize when they reach a minimum length [20, 21] . In the case of poly(n-alkyl itaconate)s, it was found that poly(n-dialkyl itaconate)s with 12 or more carbon atoms in n-alkyl side chains are able to crystallize [4, 8] , but for poly(mono n-alkyl itaconate)s and poly(methyl n-alkyl itaconate)s 14 or more carbon atoms in the side chain are necessary [8] . The endothermic transitions ascribed to the melting of crystallized alkyl side chains were observed only for copolymers with MI-16, MI-18 or MI-22 and low concentrations of St (St molar fraction ≤ 0.50). Also, exothermic crystallization peaks were observed during the cooling scans. Both the melting point and ΔH m decreased with increasing St concentration in the copolymer. As expected, the degree of crystallinity decreases for decreasing concentrations of long side chains. The average enthalpy gain per mol of CH 2 is known to be sensitive to the type of crystal lattice adopted by the polymethylenic chain. For the hexagonal to liquid transition, the values are around 0.75 Kcal/mol CH 2 [22] . Table 1 . X c represents the percentage of crystallized MI-n units in the copolymer with respect to the crystallinity of the corresponding homopolymer. Both N and X c decreased with the molar fraction of St in the copolymers, while only N increased with the length of the alkyl chain of the mono itaconate. Also, the maximum concentration of St that produced crystallization in the copolymers depended on the n-alkyl substituent length.
Results and discussion

Conventional free radical copolymerizations
Tab. 1.
Global results for conventional free radical copolymerizations of mono n-alkyl Also unknown, are the reactivity ratios of the copolymerization between St n's. However, there is an indirect indication of a statistical copolymerization because the St-MI-n copolymers with highest St concentration (60%) have not shown the typical high-temperature T g of long PS sequences. Table 2 and Table 3 show the reaction conditions and results for random copolymerizations and sequential polymerizations of mono n-alkyl itaconates and styrene, respectively.
Compare conversions in T fraction in feed. As expected for controlled polymerizations, reactions with nitroxide were slower with respect to the reactions without nitroxide; although the reaction times and temperature were higher. Reaction rates for copolymerization with 0.75 St molar fraction in feed were higher than copolymerizations with low concentration of St in feed, because in these cases the excess of nitroxide is consumed by interaction with hydroxyacetone and for a higher number of radicals generated by autopolymerization of styrene. The reaction mechanism of hydroxyacetone in NMRP is unknown. Probably, it involves a polarization of the N-O bond with a positive partial charge on the nitrogen, through a bridge-like hydrogen interaction between the oxygen of the nitroxide and the alcohol group. This weakens the C-O bond between the nitroxide and the growing chain, promotes its thermal dissociation, and increases the rate of polymerization, as it is shown in Scheme 1.
S the growing chain radical.
A the production of dormant species. In styrene NMRP, nitroxide in excess is consumed by thermally-generated radicals of the monomer. For that reason, a reduction of the nitroxide in excess is expected by the radicals generated by thermal decomposition when increasing the St concentration of the feed. Also, is noted in Table 2 that for the same composition in the feed, conversion increased with the length of the n-alkyl substituent.
For comparison purposes, a po comonomers was prepared using 5.3x10 -5 mol of the new generation nitroxide SG1 ((N-(2-methyl-2-propyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-N-oxyl)). The rate of copolymerization of MI-12 and St with SG1 ( It was not possible to verify if the copolymerizations were controlled, because the obtained polydispersities could not be measured. The reason was that the polymers were retained in the columns (as is mentioned in Experimental part), due to the length of the alkyl substituent in the monomers and by adsorption caused by the presence of free carboxylic group in monoitaconic units. Table 3 . Measurements by SEC were not possible for the same reasons above-mentioned. The n M values were estimated from the n M of the PS macroinitiator by SEC and the molar fraction of the MI-n in the copolymer. The assumption was that all the macroinitiator was "living". The presence of polymer mixtures instead of copolymers was discarded through TLC and SEC measurements. In both cases, no signals were observed of the corresponding homopolymers. In this way, the formation of block copolymers was indirectly verified. Conversions were low and increased with the length of the alkyl chain (Table 3) . These results are in accord with those shown by Sato et al [24] in conventional free radical polymerization for a homologous series of methacrylic acid monoesters. These authors also found that the rate of polymerization increased with the size of the alkyl substituent. Also, the molar fraction of MI-n in the block copolymers increased with n (Fig. 4) . For this reason, MI-22 was adopted as the model comonomer for investigating the block copolymer synthesis at low reaction times. According to Velada et al [25] , the degradation of poly(mono n-alkyl itaconate)s produce anhydrides by intra-and/or intermolecular reactions between an acid and an ester group. Sometimes, an alcohol is produced by elimination of an n-alkyl chain. Poly(MI-22-co-St) and PS-b-PMI-22 1 H NMR spectra with the highest fraction of MI-22 are presented in Fig. 6 . There are several differences. In addition of the PS aromatics protons (δ 6.39-7.05 ppm), the PS-b-PMI-22 1 H NMR spectrum showed signals for two olefinic methyl groups at δ 1.87 and 2.02 one allylic methylene at δ 2.50 and one olefinic proton at δ 4.73. Further signal at down field (δ 10.83) correspond to keto-enolic proton. These signals are attributable to the tautomers produced by esterification of the acid groups in mono-itaconate units with hydroxyacetone as it is shown in Scheme 2. 
Consider results in
Conclusions
Random copolymers containing styrene and mono n-alkyl itaconates with n= 12, 14, 16, 18 and 22 were prepared by conventional radical polymerization. Melting process attributed to crystalline order in the long side chains, was observed only for the copolymers with MI-16, MI-18, and MI-22 with St molar fraction ≤ 0.50. The average number of crystallizing methylenes per alkyl side-chain N, decreased with the molar fraction of St in the copolymers and with the length of the alkyl chain of the mono itaconate. Also, the maximum concentration of St that produced crystallization in the copolymers depended on the n-alkyl substituent length.
A series of block copolymers using the same monomers above mentioned were prepared by sequential nitroxide-mediated polymerization, in the presence of hydroxyacetone. Molar fraction of the mono n-alkyl itaconate in block copolymers increased with increasing size of the alkyl group in the ester substituent. Side reactions as degradation and esterification of the acid group in MI-n's by hydroxyacetone were occurring at employed reaction conditions.
Experimental part
Materials
St was dried over LiAlH 4 and was vacuum-distilled. Following the procedure previously reported [6, 8] , mono-n-alkyl-itaconates (MI-n) were obtained by esterification of itaconic acid with the corresponding alcohol (1:3 mol/mol) using acetyl chloride as catalyst. Monomer structure is shown in Scheme 1. Benzoyl peroxide (BPO), 4-hydroxy-1-(2,2,6,6-tetramethyl-1piperidine-N-oxyl) (4-OH-TEMPO), and hydroxyacetone were provided by Aldrich, and they were used as received. Table 1 summarizes reaction conditions and global results of the conventional free radical copolymerizations. All the reactions were carried out in deoxygenated glass tubes under nitrogen. In all the experiments, between 1.7×10 -3 mol and 3.0×10 -3 mol of MI-n were used. The St quantity was adjusted to produce the desired initial molar ratio of comonomers. The initiator was BPO, in a concentration of 0.01 mol of BPO per mol of comonomers. The polymerizations were conducted at 90 ºC for 8 h, except when MI-22 was used (in this case, the reaction temperature was 105 ºC). Tables 2 and 3 present the recipes and global results of the random copolymerizations and sequential polymerizations, respectively.
Conventional free radical copolymerizations
Nitroxide-mediated polymerizations
Random copolymerizations
Deoxygenated glass tubes containing between 2.6x10 -3 mol and 6.0×10 -3 mol of MI-n were used. As before, the St quantity was adjusted to produce the desired initial molar ratio of comonomers. 3.0 x10 -3 mol of BPO per mol of comonomers, and 1.2 mol of 4-OH-TEMPO per mol of BPO were added. Monoitaconates did not homopolymerize when 4-OH-TEMPO was present, suggesting a high sensibility of these monomers to the free nitroxide. In NMRP of acrylic monomers, once the acrylate/TEMPO bonds are formed they are too strong to break at a reasonable rate at typical NMRP reaction temperatures (130-135 °C) to allow the polymerizations to continue. Furthermore, the difficulty associated with TEMPO-mediated polymerizations of this kind of monomers is directly related with the excess of free nitroxide that builds up in the reaction mixture due to inevitable termination reactions [26] . The excess of nitroxide causes inhibition. A similar behaviour is expected for nmono itaconates, due to their similar structures with respect to the acrylic monomers. For that reason, also 0.01 mL (1.5×10 -3 mol) of hydroxyacetone were added to the reaction mixtures, according with results reported by Keoshkerian et al [27] for nbutyl acrylate. In addition, a poly(St-co-MI-12) with 1:1 of initial molar ratio of comonomers was prepared using 5.3x10 -5 mol of SG1 as nitroxide, for comparison purpose. All tubes were heated in an oil bath at 90 ºC for 1 hr. Then, the main copolymerizations were carried out at 125 ºC for 18 h.
Sequential polymerizations
First, a polystyrene (PS) macroinitiator was produced, that exhibited n M = 12,000 and PD=1.24. The macroinitiator was produced as follows. Deoxygenated glass tubes containing 10 mL of St (8.7 x10 -2 mol), 3.0 x10 -4 mol of BPO and 3.65x10 -4 mol of 4-OH-TEMPO were heated in an oil bath at 90 ºC for 1 hr. Then, the homopolymerization was carried out at 135 ºC for 8 h. The PS macroinitiator was purified by dissolving it in THF, and reprecipitating it in methanol. As before, all the sequential polymerizations were carried out in glass tubes under nitrogen. The macroinitiator was mixed with the MI-n's at the melting point of each comonomer (see concentration ratios in Table 3 ). In this case, polymerizations proceed only in the presence of hydroxyacetone. The reactions were carried out at 125 ºC, and with varying reaction times.
Post-synthesis treatment
The reactions were stopped by immersion in liquid nitrogen. All the copolymers were isolated from the unreacted monomers and the low-molecular weight components by dissolution in tetrahydrofuran (THF) and reprecipitation in methanol. This procedure was repeated twice, to verify the total removal of the monomers. The products were dried under vacuum at 25 ºC.
Characterization
The copolymer compositions were determined by infrared and/or by proton nuclear magnetic resonance ( 1 H NMR) analyses. The polymer films were prepared by casting from solutions of the samples in chloroform. Then, the infrared spectra were registered on a Perkin Elmer 1710 Fourier Infrared Spectrometer (FTIR). The 1 H NMR spectra were recorded on a Jeol Eclipse 270 spectrometer from deuterated THF solutions of the dry polymer samples, and using TMS as internal reference. All the products were analyzed by thin layer chromatography (TLC) to verify the copolymer production.
The samples could not be analyzed by SEC, because they did not elute from the columns. Radic et al [28] reported retention by SEC columns higher than that predicted according to poly(itaconates) hydrodynamic volume. As is abovementioned, in our work such behaviour is accentuated by the length of the alkyl substituent in the monomers and by the adsorption caused by the presence of free carboxylic group in monoitaconic units.
The DSC measurements were performed in a Perkin Elmer Pyris 6 DSC, calibrated with indium and zinc. Samples of about 5 mg were heated or cooled at 10 ºC/min. The temperature range depended on the copolymer composition; but for most of the samples it was -30 ºC -120 ºC. The second heating results were reported in all cases.
